Background Hepatocellular carcinoma (HCC) is one of the most aggressive malignant tumors, with a poor long-term prognosis worldwide. The functional deregulations of global transcriptome were associated with the genesis and development of HCC, but lacks systematic research and validation. Methods A total of 519 postoperative HCC patients were included. We built an interactive and visual competing endogenous RNA network. The prognostic signature was established with the least absolute shrinkage and selection operator algorithm. Multivariate Cox regression analysis was used to screen for independent prognostic factors for HCC overall survival. Results In the training set, we identified a four-gene signature (PBK, CBX2, CLSPN, and CPEB3) and effectively predicted the overall survival. The survival times of patients in the high-score group were worse than those in the low-score group (p = 0.0004), and death was also more likely in the high-score group (HR 2.444, p < 0.001). The results were validated in internal validation set (p = 0.0057) and two external validation cohorts (HR 2.467 and 2.6). The signature (AUCs of 1, 2, 3 years were 0.716, 0.726, 0.714, respectively) showed high prognostic accuracy in the complete TCGA cohort. Conclusions In conclusion, we successfully built a more extensive ceRNA network for HCC and then identified a four-genebased signature, enabling prediction of the overall survival of patients with HCC.
Introduction
According to the 2018 global cancer statistics, there are 841,080 new liver cancer cases and more than 780 thousand deaths per year worldwide, and China accounts for nearly half of the total number of cases and deaths [1, 2] . Approximately 70-90% of all primary liver cancers are hepatocellular carcinoma (HCC) [3, 4] .
The treatment of HCC has made encouraging progress over the past few decades and primarily consists of surgical resection, chemotherapy, molecular targeting treatment, and liver transplantation [5] . However, surgery remains the most effective treatment; it has markedly improved the overall survival (OS) of HCC patients, although the long-term survival rate is still low. Approximately 60% of patients experience recurrence or distant metastasis within 5 years [3] . Regarding the poor prognosis, many experts have identified several prognostic factors, including patient basic features (e.g., age and gender) and tumor-related factors (e.g., tumor grade), that can be used to predict the OS of HCC patients who have undergone surgery [6, 7] . However, effective prognostic factors are still lacking.
Although several studies have highlighted valuable biomarkers, these studies had limitations, including their inclusion of single-center cohorts, small populations, and single molecular markers. More importantly, most studies failed to validate their findings via another independent cohort, meaning that the results could not be generalized. Thus, few biomarkers have been utilized in clinical practice.
The competing endogenous RNA (ceRNA) hypothesis describes a novel regulatory mechanism by which mRNAs and long noncoding RNAs talk to each other using micro-RNA response elements (MREs) as letters to form a regulatory network across the whole transcriptome, which plays a significant role in cancer research [8, 9] , such as in oral carcinoma [10] and cholangiocarcinoma [11] . Accordingly, there is a great need to explore the regulatory relationships between lncRNAs-miRNAs-mRNAs during HCC initiation and progression. Wang et al. identified a prognostic signature based on the expression profiles of six genes for the OS of HCC patients based on independent screening of Cox-penalized regressions [12] . To the best of the authors' knowledge, there is still no report of the involvement of lncRNAs in the transcriptional regulation of miRNAs and mRNAs in the field of HCC with large-scale, high-throughput sequencing data.
In our study, we obtained lncRNA, mRNA and miRNA expression profiles and constructed the ceRNA network in HCC from the TCGA database. We identified 20 DEmRNAs involved in the ceRNA network that alone predicted the OS of HCC patients, termed "OS-genes". Importantly, we conducted an integrated analysis of OS-genes using the logistic least absolute shrinkage and selection operator (LASSO) penalized regression to generate a four-gene-based signature (PBK, CBX2, CLSPN, and CPEB3) associated with OS in HCC. Then, we validated this signature using the internal set and two external validation cohorts, analyzed it in subgroups of HCC patients, and showed that it was an independent indicator. Thus, we identified and validated a new candidate marker to predict HCC OS by classifying patients into lowand high-risk groups.
Materials and methods

Patients and data collection
We downloaded level 3 data, which contained the highthroughput sequencing data of mRNAs, lncRNAs and miRNAs of 374 HCC samples and 50 normal samples from the Cancer Genome Atlas (TCGA, https ://porta l.gdc.cance r.gov/). Clinical data, such as prognosis and basic clinical information, were downloaded from the Data Coordinating Center (Supplementary Table S1 ).
The HCC patients were randomly assigned to a training set with N × q samples and an internal validation set with N × (1 − q) samples (q = 2/3). To validate our results responsibly, we searched for external validation cohorts from two independent centers. External validation cohort 1, GSE76427 (n = 115), microarray data and patient clinical information were downloaded from the Gene Expression Omnibus database (GEO; https ://www.ncbi.nlm.nih.gov/ geo/). In addition, we used another external validation cohort obtained from Sun Yat-sen Memorial Hospital between January 1, 2010, and June 30, 2010 , that included 50 postoperative HCC patients (the SYMH cohort or the qPCR validation cohort). All the clinicopathological features of external validation cohorts were presented in Supplementary Table S1.
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All diagnoses were confirmed by pathology. This retrospective analysis was approved by the institutional review board of Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University.
Identification of DEGs
DEGs, including differentially expressed mRNAs, lncRNAs and miRNAs (DEmRNAs, DElncRNAs, and DEmiRNAs), were identified among the 354 tumor tissues and 50 normal samples. The RNA expression data from TCGA were normalized. We conducted gene identification using the edgeR package in software R, which is publicly available through Bioconductor (http://www.bioco nduct or.org/) [13] . |log2 fold-change| ≥ 2 and p value < 0.05 were used for selecting DEmRNAs and DElncRNAs. We defined and annotated DElncRNAs using the Encyclopedia of DNA Elements (ENCODE); for DEmiRNAs, the select indicator was |log2 fold-change| ≥ 1.5 and the p value was < 0.05.
Seed match analysis and constructing the ceRNA network
The target mRNAs of DEmiRNAs were predicted by combined utilization in Targetscan database (http://www.targe tscan .org/), miRDB database (http://www.mirdb .org/) and miRTarBase database (http://mirta rbase .mbc.nctu.edu. tw/). Then, we obtained the intersection elements between the target mRNAs and DEmRNAs, termed DEmiRNA-targeted DEmRNAs. We predicted the DElncRNAs targeted by DEmiRNAs in miRcode (http://www.mirco de.org/). Cytoscape v3.5.0 software was used to build an interactive and visual ceRNA network using the Cytoscape user manual [14, 15] .
Functional enrichment analysis, gene expression correlation analysis and survival analysis
We further studied the DEmRNAs using the ceRNA network, and we conducted functional enrichment analysis using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) [16] . GO biological functions and KEGG pathways were chosen with an enrichment score > 1.5 as well as a significance level of p < 0.05. Then, we plotted the DERNA survival curves; these curves were called OS-genes, OS-lncRNAs and OS-miRNAs, respectively. In addition, 20 OS-gene expression correlations were assessed with the Pearson correlation indicator.
Prognostic signature screening and generation
To elucidate significant values for the 20 OS-genes, we used the logistic LASSO algorithm to select candidate OS-gene combinations that were reliably associated with HCC OS in the TCGA training set. LASSO allows the tuning of 25 parameters by fold cross-validation [17] . The risk score (RS) was calculated using the sum of the screened OSgene expression values weighted by the coefficients from the LASSO regression model. We calculated the prognostic RS for each patient according to the following formula: RS = expression gene1 × β gene1 + ··· + expression genen × β genen (β: the regression coefficient derived from LASSO penalized regression) [18, 19] .
Prognostic signature validation and evaluation
To validate the robustness of the prognostic signature, we generated the RS for each patient in the TCGA internal validation set and two external validation cohorts. We defined the median RS as the cutoff point, and HCC patients were divided into low-and high-risk groups. In addition, we used the univariate and multivariate Cox regression analyses to evaluate the prognostic impact of clinicopathological features on OS. We calculated concordance indexes (c-indexes, also called HARRELL C-index), respectively. The c-index quantified the discrimination between two random patients, with a c-index of 0.5 indicating no discrimination and 1 indicating perfect discrimination. A time-dependent receiver operating characteristic (ROC) curve analysis, with 1, 2, 3, and 5 years as the cutoff values of time, was also performed to compare the true positive and true negative rates of the OS prediction [20] .
RNA extraction and real-time quantitative PCR
Fifty pairs of frozen HCC tissue and adjacent normal tissue were obtained from Sun Yat-sen Memorial Hospital. Total RNA was extracted using TRIzol reagent (Takara, Dalian, China). Reverse transcription was performed using PrimeScript RTase (Takara). The gene expression level was determined with qPCR with the help of Premix Ex Taq (Takara) and was normalized to GAPDH expression levels. We used the 2-ΔCT method to calculate expression levels. The primers were listed in Supplementary Table S2 .
Statistical analysis
Univariate and multivariate Cox regressions were performed in IBM SPSS Statistics Version 24, which was also used to generate hazard ratios (HRs) and 95% confidence intervals (CIs). Kaplan-Meier survival curves were used to estimate OS in different groups, and the survival differences were assessed by a two-sided log-rank test in GraphPad Prism 5.0. LASSO penalized regression, and ROC curve analyses were conducted in software R version 3.3.4 with relevant packages, such as package survivalROC, gplots, and glmnet.
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All statistical tests were two-sided, and a p value < 0.05 was considered statistically significant.
Results
Study flowchart and clinical characteristics of patients
The study flowchart is presented in Fig. 1 . A total of 354 HCC samples were included and were randomly divided into a training set (n = 236) and an internal validation set (n = 118). The median OS times of the patients in the TCGA training set, the TCGA validation set, the entire TCGA cohort, the GSE76427 cohort, and the SYMH cohort were 1694 (1068-2320), 1852 (883-2821), 1694 (1203-2185), 2296 (1534-3057) and 768 (554-981) days, respectively.
Differentially expressed genes and construction of the ceRNA network
A total of 1993 DEmRNAs were identified, including 1788 (89.71%) that were upregulated and 205 (10.29%) that were downregulated. In addition, we found 1071 differentially expressed lncRNAs, including 1014 (94.67%) upregulated and 57 (5.32%) downregulated DElncRNAs. However, we found only 162 (95.29%) upregulated and 8 (4.71%) downregulated DEmiRNAs. We generated a heat map and volcano with complete linkage clustering of DEmRNAs, DElncRNAs, and DEmiRNAs (Supplementary Figure S1) .
To better understand how mRNA expression was regulated by lncRNA through combining miRNAs, we built a ceRNA visual network (Fig. 2a) . According to seed match analysis, we found that 39 DEmRNAs were targets of the 20 DEmiRNAs, while 83 DElncRNAs interacted with the 20 DEmiRNAs (Supplementary Tables S3 and S4 ).
Functional enrichment and survival analyses of key ceRNAs
We conducted GO and KEGG pathway analyses using the DAVID database for 39 DEmRNAs (Fig. 2b, c ). Many cancer-related GO items and KEGG pathways were significantly enriched, such as those associated with biological processes (e.g., cell proliferation and cell cycle) and pathways (e.g., hepatitis B and the p53 signaling pathway). Twenty mRNAs (OS-genes) (Supplementary Figure S2) , one miRNA (miR-137), and 14 lncRNAs (OS-lncRNAs) ( Supplementary Figures S3 ) were found to be significantly associated with OS. There was coexpression between 20 OS-genes; for example, the coexpression coefficient between CPEB3 and CCNB1 was − 0.57 (p < 0.001), whereas the coexpression coefficient between PBK and CCNB1 was 0.8 ( Supplementary  Figures S4I) . In the future, the potential mechanisms underlying their correlations could be investigated.
Building a predictive signature from the TCGA training set Twenty OS-genes were identified after we combined the DEmRNAs selected by the ceRNA network and survival analysis. We then used the LASSO regression model to further identify an optimal subset of gene-based signatures reliably associated with HCC OS in the TCGA training set. As a result, four genes were identified: PBK, CBX2, CLSPN, and CPEB3 (Fig. 3) . To better clarify the performance of our predictive signature for HCC OS, we established RS with each gene coefficient weighted by the LASSO model. 
Effective prognostic signature in HCC patients
In the training set, 236 HCC patients were assigned to the low-score and high-score groups based on the median RS value (0.416). Patients in the high-score group exhibited worse survival than those in the low-score group as shown in Fig. 4a (p = 0.0004). In addition, survival analysis showed serum AFP, TNM stage, T stage, N stage, and M stage were found to be significantly associated with HCC OS (Supplementary Figure S5 ). We further investigated various subgroups of individual clinicopathological features in HCC patients and found that they were significantly correlated with OS because of imbalances between the high-score and low-score groups with respect to clinical features (Table 1) . Subgroup analysis of the four-gene signature in the complete cohort was performed, and significant correlations between RS and OS were maintained in Asians (p < 0.001, Supplementary Figure S6A and S6B) and in patients whose serum AFP ≥ 20 ng/ml (p = 0.079, Supplementary Figures S6C and  S6D ), whereas RS value was associated with OS for the two subgroups of TNM stage and tumor grade ( Supplementary  Figures S6E-H ).
Validating and evaluating the signature
Similar analyses demonstrated that the high-score group had a worse OS than that in the low-score group in the internal validation set (median OS, 1149 days versus 2131 days; p = 0.0389) (Fig. 4b) . For the entire TCGA cohort of 354 patients, OS for the high-score patients was shorter than for the low-score patients (median OS, 1271 days versus 2132 days; p = 0.0016) (Fig. 4c) . The median OS times for the low-score and high-risk groups were 2296 and 1759 days, respectively, although this difference was not statistically significant in GSE76427 external validation cohort (Fig. 4d) . This pattern of another external validation cohort-SYMH data set was similar to that observed in the TCGA cohort (Supplementary Figure S4A-H) . Similarly, patients with a low score generally had a better OS than patients with a high score and the median OS times of the two groups were 1825 and 695 days, respectively (p = 0.0476, Fig. 4e ).
Cox proportional hazards regression analysis in validation cohorts
For the entire TCGA cohort, serum AFP, TNM stage, and the signature were significantly associated with HCC OS in the univariate analysis. A multivariate regression analysis indicated that TNM stage and signature were independent prognostic predictors of OS (Table 2) . Furthermore, multivariate survival analysis showed that the four-gene signature could be an independent prognostic factor (HR 2.467, p = 0.021) in the GSE76427 cohort and was the only independent prognostic predictor of OS in the SYMH cohort (HR 2.6, p = 0.037) ( Table 2) .
Comparison with other prognostic factors
Time-dependent ROC curve analysis suggested that the four-gene signature was a stable predictor and even contained censored survival data (Fig. 4f-j) .
In addition, the signature may achieve a more stable value in 2 years-OS prediction (Supplementary Tables S5). As shown in Supplementary Table S6, the signature incorporating four-genes expression achieved stable c-indexes in predicting HCC OS in the training and various validation sets (including internal and external validations).The signature was also significantly more specific and sensitive than other clinicopathological risk factors for the entire TCGA cohort and the two external validation cohorts (Supplementary Figure S7A-C) . To develop a more reliable predictive model, we combined two independent prognostic factors; as a result, the four-gene signature and TNM stage (AUC 0.668, p < 0.05) had a more sensitive predictive value in the entire TCGA cohort (Supplementary Figure S7D ). The combination of signature and TNM staging (or BCLC staging) had a higher AUC than the signature alone, although the difference was not significant for the GSE76427 cohort (Supplementary Figure S7E) . However, for the SYMH cohort, there was no difference between the AUCs for the signature alone and the combination (Supplementary Figure S7F) .
Discussion
More and more evidence demonstrates that genetic alterations and disorders in the signaling pathways are of significance in tumorigenesis and the progression of HCC, meaning that molecular markers are equally important in the prediction of HCC OS. Certainly, many molecular markers have been identified to predict HCC OS. Jin et al. found that SUOX (sulfite oxidase), as an independent prognostic factor of HCC, showed better associations with OS and TTR if combined with serum AFP in different cohorts [21] . Tao et al. found that BTBD7 expression combined with microvessel density could better predict HCC prognosis by Cox regression analysis [22] . However, most of the recent research has focused on single gene expression, a specific protein, lncRNAs or miRNAs. However, information is now rapidly emerging on the vital functional role of the molecular network in HCC initiation and progression, indicating that we should analyze the prognosis markers as a whole. But sometimes we have high-dimensional data. At the time, lasso regression was the selective method for improving prediction accuracy. Lasso has two important characteristics, one is feature selection: automatic selection of features, it will learn to remove features without information and precisely set the weights of these features to zero, especially for high-dimensional data. Another one is interpretability: models are easier to explain, for example, we can find the independent variables that provide the most important information in the model when we have a lot of independent variables [23] [24] [25] [26] . Li et al. identified 13 differentially expressed miRNAs in the serum of HER2 + MBC patients with distinct responses to trastuzumab using miRNA microarrays and constructed a four-miRNA signature to predict survival using a LASSO model [27] . Backes et al. [28] used multivariable Lasso regression to develop models to identify patients most likely to benefit from adjuvant surgery by projecting their case-control data towards the entire cohort. Transcriptome profiling revealed an integrated signature, incorporating 15 mRNAs and three lncRNAs, was a powerful predictor of early relapse and had a better OS prediction than TNM staging in colon cancer [29] .
In the present study, we conducted a comprehensive analysis of whole transcriptome resequencing data and its involvement in the prediction of HCC OS. First, we identified DEGs, including a total of 1993 differentially expressed mRNAs (DEmRNAs), 1071 differentially expressed lncRNAs and 170 DEmiRNAs. After building a ceRNA visual network, we found 39 DEmRNAs, 83 DElncRNAs and 20 DEmiRNAs. Some of them were reported to be cancerrelated genes, such as CCNB1 [30] , EZH2 [31, 32] , AXIN2, [33] and FOXF2 [34] . We also found several significant HCC-associated lncRNAs in our ceRNA network, such as HOTAIR [35, 36] and HOTTIP [37] . Interestingly, we noticed that lncRNA LINC00221 interacted with 12 miRNAs. Thus, LINC00221 may serve as a key regulator. Next, we studied its specific biological functions and regulatory mechanisms in HCC. Notably, miR-137 was associated with HCC OS, and in the network, we found that its corresponding mRNA was PTGS2, a key oncogene in HCC [38] . Its candidate corresponding lncRNAs were HOTTIP, CLLU1, and GPC6-AS1. In the future, we will conduct an in-depth study of the regulatory mechanisms underlying the miRNA137-PTGS2-lncRNA network.
Subsequently, we identified a four-gene-based signature (weighted combination of PBK, CBX2, CLSPN, and CPEB3) and effectively predicted OS in HCC patients using LASSO penalized regression. PBK (PDZ-binding kinase) phosphorylates MAPKp38 and plays a crucial role in the activation of lymphoid cells. Phosphorylated PBK interacts with TP53, leading to TP53 destabilization and decreased expression following doxorubicin-related DNA damage [39, 40] . CBX2 (Chromobox protein homolog 2) was composed of multi-protein PRC1-like complex, which inhibited the transcriptional activities of many genes, including the HOX genes [41] . Although CBX2 has been less-studied in cancer research, the molecular profile of CBX2 suggested that it plays an oncogenic role [42] . CLSPN, which monitors the integrity of DNA replication forks, was essential for checkpoint-regulated cell cycle arrest in response to UV irradiation-induced DNA damage [43] . Choi et al. reported that CLSPN positively affected the survival of cancer cells and negatively affected the metastasis model in response to radiation [44] . CPEB3 (cytoplasmic polyadenylation element-binding protein 3) contains an intron-encoded selfcleaving ribozyme that is structurally and biochemically associated with human HDV ribozymes, regulating its own translation [45] . CPEB3 suppresses Stat5b-dependent EGFR gene transcription in neurons [46] . All four genes may serve Fig. 2 The ceRNA network of lncRNAs-miRNAs-mRNAs and functional analysis for DEmRNAs in HCC. To better understand how mRNA expression was regulated by lncRNA through combining miRNAs, we built a ceRNA visual network including 39 DEmRNAs, 83 DElncRNAs, and 20 DEmiRNAs from the TCGA database (a). Red represents upregulated DEGs, and blue represents downregulated DEGs. Foursquares: miRNAs, balls: mRNAs, diamonds: lncRNAs. To better elucidate the underlying pathways and biological mechanisms involved in the ceRNA network, we conducted GO (b) and KEGG pathway analyses (c) using the DAVID database for 39 DEmRNAs. DEmRNAs differentially expressed mRNAs ◂ as key regulatory genes for cell behaviors and functions, but their abstract functions have not yet been elucidated in HCC. In the future, we will conduct an in-depth study of the regulatory mechanisms for four genes (PBK, CBX2, CLSPN, and CPEB3) based on their ceRNA network clarified in present study.
Although we constructed an OS-related predictive model based on OS-related data, we surprisingly found that the model may also serve as a tool to forecast disease-free survival (DFS) to some extent (data are not shown), low score represents a long DFS, while high-score means that patient may suffer a poor DFS, but more cohort studies are needed to confirm this.
OS for HCC is multifactorial and cannot be only determined by gene expression. HCC development is driven by the interaction of genetic predisposition, environmental factors (metabolic syndrome, alcohol, and aflatoxin B1) and viruses (HBV and HCV). Hepatocarcinogenesis is a multistep process, and driving forces in hepatocyte transformation, HCC development and progression are chronic inflammation, DNA damage, epigenetic modifications, senescence and telomerase reactivation, chromosomal instability, and early neoangiogenesis [47] . In the recent years, genomewide technologies and next-generation sequencing have enabled the identification of molecular signatures to classify subgroups of HCCs and stratify patients according to prognosis. Unraveling the patterns of genomic alterations in HCCs is pivotal towards identifying targeted therapies [48, 49] . We tried to build a model based on genomic alterations which was associated with OS, and help us better formulate individual treatment and follow-up management strategies which meet the requirements of precision medicine to a certain extent. We could imagine two HCC patients: X and Y. They have the same age, sex, and BCLC stage. However, both patients are stratified into same stage of disease, which is associated with specific outcomes. As has been widely acknowledged, the two patients will probably have different prognoses, but the question regarding how to quantify these prognoses remains unresolved. In our model, we tried to calculate the total scores of the signature individually based on molecular medicine. Different scores correspond to different prognosis. If the patients have a higher score, we would maintain closer follow-up and medical treatment. Similar to our investigation, Wang et al. identified a prognostic signature based on the expression profiles of six genes for the OS of HCC patients, including SRL, TTC26, CPSF2, TAF3, C16orf46, and CSN1S1, based on independent screening of Cox-penalized regressions [12] . Compared with previous studies, our study has several strengths. First, we used large-scale, high-throughput sequencing data from the TCGA database, rather than that from a single medical center, to avoid heterogeneity among different centers. Second, we established a lncRNA-miRNA-mRNA ceRNA network among the DEGs in tumor tissues and normal liver tissues. Third, we performed an in-depth screening study of DEmRNAs that were not only involved in the ceRNA network but also associated with the OS of HCC patients based on LASSO regression, in contrast to previous studies that used only one method to select prognostic markers. Fourth, we conducted internal validation and independent external validations, thus rendering the results more reliable and useful. Survival analysis showed serum AFP, TNM stage, T stage, N stage, and M stage were found to be significantly associated with HCC OS. We further investigated various subgroups of individual clinicopathological features in HCC patients and found that they were significantly correlated with OS because of imbalances between the high-score and low-score groups with respect to clinical features. Significant correlations between signature and OS were maintained in Asians and in patients whose serum AFP ≥ 20 ng/ml. The four-gene signature was an independent prognostic factor in multivariate Cox regression and subgroup analysis, particularly for Asians patients with serum AFP ≥ 20 ng/ml. Inevitably, our study had several limitations. First, the multivariable survival analysis contained only basic prognostic factors from the GEO database and was unable to suggest other possible clinical factors, such as status of the metastatic lesions and performance status of patients. Second, as we know, extensive evidence indicates that HCC is an extremely heterogeneous tumor at the genetic and molecular level, limited by the data of the study, all genes' expression from TCGA, GEO, and SYMH cohorts were detected in a piece of HCC tissue from one patient. In the future, we will detect the expression of the four genes by single-cell whole-genome sequencing or quantitative RT-PCR analysis in several pieces of HCC specimens from one patient, so that we can know whether the four-gene 
Conclusions
We constructed a novel lncRNAs-miRNAs-mRNAs ceRNA network in HCC based on genome-wide analysis, then we identified and validated a new candidate therapeutic decision marker based on the ceRNA network that yields great promise in the prediction of HCC OS in the future.
